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FOREWORD

This repert describes the work done for the National Aeronautics ard Space
Administration under contract number NAS 8-2604. The contract originally had
as its objective the construction of two state-of -the-art atomic hydrogen masers.
Work began early :n 1962 and at that time the notion of an easily transportable
maser was a rather teruous one since vacuum systems te tandle and dispose of
hydrogen were ali rather bulky, requiring diffusion pumps and the necessary cold
traps. The first encouraging signs of being able to construct a compact system
came from experimerts then in progress with Vaclon pumps which, when operated
at reduced voltage, could dispose of large quartities of hydrogen, enough to give

alifetime for a hydrogen device of about one year.

While th2 program is one for the construction of two masers, there is the
urderiying necessity to develop techniques that will take the fullest advantage of
the narrow resonance linewidth offered by the hydrogen maser, ard the develop-
men: of the maser as a frequency standard and clock is an obvious goal. There
are in the hydrogen maser many inherent properties that lead to this. As already
mentioned, there 1s the extremely narrow resorarce linewidth, which can he des-
cribed as having a Q of 10°. The device is an oscillator from which power is
received and thus it is different from most other atomic devices which are essen--
tially very narrow bandwidih filters at microwave frequencies. There are fwo
important advantages iw this oscillator. The first is that it automatically seeks
the center of the atomic resonaace without the use of electronic or other external
servo techniques. The second is that as an oscillator :* provides a continuous
accumulution of phase without the irterruptions common to sexrvo controlied

crystal oscillators,

While it is true that the level of oscillation ig low, amplification of the signal
is possible with a penalty being paid in very short term phase stability (.01 sec. or
less). Over longer periods, the output is charactesistic of the maser and can be
used to drive devices such as frequency dividers ana other phase-locked oscilla-
tors providing ultra stable, phase coherent signals at any frequency in the spectrum
now avaiiable fo electronic devices,
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As the construction phase of the contract advanced, many new ideas came
to light and concepts of many problems changed. The contract was extended to
include a measurement phase divided into the specific tasks listed below.

Task A -- Conduct a measurement program for long and short
term stability using three hydrogen masers.

Task B ~- Conduct measurements to determine the precision
to which a given pair of masers can be reset with
respect to frequency.

Task C -- Conduct measurements to determine very short term
relative stability. Very short term is defined as 0.01
seconds or less; approximately 3 months to complete
after the approval of Task B.

Task D -~ Measure the ratio of cesium to hydrogen frequencies
of hyperfine separation; approximately 2 months to
complete after approval of Task C.

Task E -- Compare the two NASA masers with those at Harvard;
approximately one montl to complete af’ - approval of
Tagk D.
These measurements and the understanding of the effects disclosed have
led to knowledge of improvements that can be made. When possible these improve -
ments have been made and incorporated in the devices originally built for NASA.
This report covers the period from the inception of the contract to the end of
May 1963, and does not give the results of the various tasks in detail; however,
at this time of writing much more has been learned about masers and it is
desirabie in this "foreword' to outline very briefly the nature of the latest

advances and the direction in which future work should go.

The combination of light weight, small size, and improved stability will
depend mostly on modifications to the cavity and bulb structure. A very promising
advance is possible by combining these two functions in a dielectrically loaded
quartz sphere about 8 inches in diameter. Mecharical and thermal properties
will be improved and better thermal and magnetic shields and d.c. magnetic field
control will be afforded. The size, weight, and power requirements of the present
pumps can be reduced by the use of sorption techniques using outgassed titanium
hydride, and systems suitable for spacecraft have become possible. For these
applications it is appropriate to further revise the thinking devoted to vacuum sys-
tems. Spacecraft operate in a vacuum far more perfect than that attainable under

iii.



normal conditions on earth, and pumping systems need not be included except
for ground-based tesiing. While the need for ultra high precision clocks aboard
space vehicles may not yet have reached a crucial level, it is now possible to
perform the extremely fundamental experiment of measurirg the time dilatation

and gravitational red shift effects to unprecedented accuracy.

Some of the work reported in this text has resulted from very constructive
cooperation of the National Aeronautics and Space Administration with the United
States Navy, and we are indebted to Mr. John Gregory of NASA for making this
possible. The measurements of the cesium-hydrogen relationship was due to
extremely close cooperation between the Office of Naval Research and NASA, and
involved the following laboratories and agencies: Naval Observatory, Washington,
D.C.; Naval Research Laboratory, Washington, D.C.; Bureau of Ships, Wash-
ington, D.C.; U.S. Coast Guard Loran Stations on Nantucket, Mass., and Cape
Fear, N.C.; National Aeronautics and Space Administration, Astrionics Div..
Huntsville, Ala.; Varian Associates Bomac Laboratories, Beverly, Mass.
and our grateful acknowledgments are extended to Mr. Myron H.C. Criswell,
Bureau of Ships, Mr. John Gregory of NASA, Dr. R. G. Hall, Naval Observatory,
Mr. Harris F. Hastings, NRL, Dr. William Markowitz, Naval Ubservatory, and
Mr. R. R. Stene, NRL.

The work of developing th. design and supervising the construction of these
devices has been done by Mr. Harry Peters o our laboratory, and the advance
of the program is largely due to these efforts. The competent and enthusiastic
support of Messrs. E. R. Parsons, E. Marison, R. Cochran, R. Hamilton and
W. Kilkelly have been invaluable to this work.

R. Vessot
30 January 1964
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1.0

INTRODUCTION

The hydrogen maser is the result of a search for a new type of maser
operating between two hyperfine leve!s in one of the hydrogen-like atoms.
During the mary years of research on atomic beams, the work wss concen-
trated on atoms that were easily detected by surface fonization and had good
properties for producing atomic beams. From these atomic beam experi-
ments came a wealth cf new data on the nature of the atom and, in particular,
the nature of nuclear matter. The early experiments were done without the
use of radio frequency energy and consisted of atomic beams passed through
inhomogeneous fields; and from the deflections produced by the interaction
of atomic dipole in the gradient of the field, information could be obtained
coacerning the epin and magnetic moment of the nucieus.'?

Resonance experiments were introduced by Rabi and Kellogg in 1938,
These experiments first consisted of applying a magnetic field at the frequency
of precession either of the nuclius in an external magnstic field cr in the
megnetic field of the electrons. Experiments on resonances at higher and
higher frequencies followed closely in the wake of inventions and discoveries
of high frequency r.f. sources.

It must be borne in mind that these experiments were all concerned with
trajectories and the effect that r.f. transitions between levels would have
on the magnetic moment of the atoms and the consequent deflection in an
inhomogeneous field. The low density of the beam is desirable to weaken
the interaction between the atoms, making possible '"free space' measure-
ments of very great precision. Techniques to narrow the linewidth by extend -
ing the interaction time were developed. These techniques dependad on the
duration of the time of flight of the atom through the r.f. irieraction space
and led to the invention by Ramsey™® of the separated oscillatory field which
later became an important feature on cesium devices used as frequency
standards.



It was realized that the detection of r.f. radiation from these atomic
beam devices would be very difficult because of the low densities of atoms
in the r.f. magnetic fields and the difficulties of coupling over long distances
with the problem of frequency shift due to Doppler effects. These difficul -
ties were first overcome in the case of electric transiiions where the
interaction of the atom in the r.f, field is about 10° times stronger. In 1954
Gordon, Zeiger and Townes"® reported the operation of an ammonia maser.
This maser empioyed an electric state selection mechanism consisting of
a multipole array of rods alternating in polarity creating a strong inhomo-
geneous electric field that focussed the upper state molecules into a long r.{.
cavity tured to the resonant frequency of the transition. The time of flight
through the cavity is in the millisecond range and the natural line breadth
18 therefore large. By having a sufficiently high Q cavity and sufficiently
high beam 1 x of state selected atoms, it was possible to operate the device
as an osciiiater having goud stability. As refinemerts were made in this new
technique, some troublesome properties became apparent due to the Doppler
shift in the cavity and the stability of the cavity tuning which, due to the rather
low lire Q (or large line breadth), made the output frequency unstable. Fur-
thermc~e, the complicated molecular structure led to a multi-line spectrum.

Attempts to operate a maser hetween magnetic hyperfine transitions con-
“:nued and cuiminated in the invention in 1959 of the Atomic Hydrogen Maser®!'%!!
by Prof. N. F. Ramsey of Harvard University. The earlier at‘empts were
made with cesium and other alkali metals, and various methods to extend
the intersction time were tried such as buffer gases and wall coated, opti-
cally pumped cells. An important conclusion from these experiinents was
that there occurred a strong polarization of the atom on collision with other
atoms either in a gas or as part of a wall, and that the phase of the osciila-
fing magne‘ic moment was decorrelated with the r.f. magnetic field in the
cavity,
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In 1959 Prof. Ramsey proposed that hydrogen be tried in conjunction
with a storage cell coated with a paraffine or some such substance that pre-
sented a surface of bound hydrogen atoms, and the premise that hydrogen
sbould be far less polarizable on ccllision than the heavy atoms having less
well bound valence electrons proved to be true. The hydrogen maser became
the first device of its kind to operate between e.ergy levels joined by mag-
netic dipole transitions. The success of the storage bulb method reaults
from mechanically storing atoms using predominantly electrical forces that
have very little effect on the magnetic interactions which yield the energy
detected by the observer.

The atomic hydrogen maser is desoribed schematically in Figure 1.
Molecular hydrogen is dissociated by an electrical discharge and the atoms
are formed into a beam and passed through an inhomogeneous magnetic field
where, by virtus of the differences in the effective atomic dipole moments
of the F=1, mp = 1 and 0 states from the F=1, mer -land F =0, mF-O
statas, the former states are focussed into the aperture of a specially coated
storage bulb located inside an r.f. cavity. The atoms are confined by the
bulb to 2 relatively uniform r,f. field having only one phage component, The
cavity is tuned to the frequency of the F=1, mp= Q~F=0, mg = 0 transi-
tion, The atoms entar the bulb and, making random collisions with the wall,
eventually leave through the entrance aperture. Due to the nature of the walls
of the bu'b there is vory little interaction with the hydrogen atoms, and even
though there may be as many as 10® collisions during one second, the atoms
are not seriously perturbed.

The resonance line is therefore extremely sharp. Thermal noise pro-
ceases contribute energy to the cavity which in turn stimulates further transi-
tions, starting a self-sustaining oscillation if the energy from the atoms
exceeds the losses in the r.f. fields.

As a frequency standard, the hydrogen maser has the advantage of a
narrow linewidth resuiting from atoms having a long interaction time in &
very unperturbed condition. Doppler shifts of first order are very small

-8 -



h 4 , \

due o the average velocity of the atoms in the bulb being very nearly zero.
Being a maser oscillator, the device has inherently a low noise performance,

and avoids the disadvantages of electronic servos to seek the center of the line,

Research on hydrogen masers continued at Harvard and at Varian where
experiments and measuremernts were made to investigate their properties as
frequercy s:andards and clocks. On February 1 of 1962 work began on the
NASA ccziract, whose objective was to construct and deliver two atomic hydro-
ger. masers accordirg to the state of the art and to undertake studies on hydrogen

pumping in order to make the device less complicaied and more compact.

The state of the ax% was very rapidly advancing at this time and in order
+0 take advar‘age of late developments the design of certaic parts of the maser
was lef- as flexible as pcssible, while the design of other parts, for which no
out standing developments could be foreseen, was frozen. The first parts to
be designed inciuded the mounting frame, vacuum manifc'd, and general pump
layout, as well as the hexapole magnet assembly and its mounting hardware.

A vertical orientation was chosen. Two previous masers built at Varian
had this design which diminished considerably the amount of floor space
requirved as well asc offering a more stable mounting for the r.f. cavity and

sheeld structure.

Previous work at Varian had also poirted out the necessity of enclosing
the r.f. cavity in a controlied atmosphere to avoid the detuning effects of
chanrging humidity and barometric pressure in the in.erior of the cavity. The
further requirement of good thermal siability made iv desirable o house the
caviry in vacuo to avoid the dielectric effects as weli as the thermal gradients.
Another advance made at Varian was the electrodeless, r.f. excited discharge
tube which allowed considerable reduction in size as well as power consumptior.
213

nver the Wood's tube originally used in hydrogen masers.

One of ‘he chief uncertainties in the design of a maser for use outside
the laboratory lay in the nature of the hydrogen pumps to handle the expended
gas. The gas flow into the system had been reduced considerably by the usc

-4 -
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of muititube source collimators for effusing the atomic hydrogen as a well
defined beam and diminishing the flux in the off-axis directions. The prin-
cipal problem lay in the low vacuum scavenging pumps of the proposed
differentially pumped system. This system was to be divided into two
chambers in order to isolate the storage bulb from the state selection system.
For a storage time of about 1 second, the total path of the average atem would
be almost kilometers in distance. Molecular hydrogen does not appreciably
perturb the atomic transition. (The first successful bulb linings made of
paraffines and alkylchlorosilanes had bound hydrogen atoms exposed.) How-
ever, it was very desirable to limit these collisions to avoid phase decorrela-
tions and the consequent quenching effects. The upper system was therefore
igolated from the lower by means of a collimator and this system was
separately pumped,

The first two masers at Varian used Vaclon pumps for these upper
chambers. Titarium spuftering pumps seemed extremely well suited for
hydrogen as the pumping process, in principle, should proceed unaided
except for maintaiping clean titanium surfaces. The mair question was that
of total pump capacity, and a program for measuring this capacity fo> use

in the lower vacuum system was then underway.

The mazifold design was, nevertheless, frozen so that either the Vaclon
and diffusion pump combination or the double Vaclon combination couid be
used. In the case of the oil diffusion pump, the trapping problem of the back-
streaming oil had been soived by the use of a very large Zeolite trap. None -
theless the system was clumsy and inefficient, and lhe use of two Vaclon
pumps seemed more promising as time piogressed.

Magnetic shields for providing a low, uniform field in the bulbs were
and still are a crucial necessity for operating the maser. The effect of the
magnetic field® in the bulb on the ocutput frequency is given by f ~-fo m 2750 Hoz
where f is the output frequency
f  is the hvperfine separation of hydrogen at zero field

(o]

H0 is in oersteds.

# Actualiy, the average of the square of the magnetic f.eld over the volume
of the bulb. -5 -



Apart fzom causing thio shift in frequency, the magnetic field through its
gradients can cause spurious transitions among the magnetic substates,

thus quenching the oscillating moments of the atoms. The magnetic field
dependence also causes atoms that have different trajectories in the inhomo-
geneous field tc have different iotal phase angles, thus smearing out the net
magnetic oscillating vector and, in effect, quenching it. A later part of this
report will deal with these processes. The importance of the shields is
great and considerable care has been exercised in the design, fabrication,

and procurement of metals for them,

In reporting this work, the design and development of the various com-
porents will be described. Detailed drawings will be used where necessary;

schematic drawings will be used to illustrate ideas.



2.0

2.1

TECHNICAL REPORT

Frame and Vacuum Manifold

From the experience gained in the research of other masers, it was
concluded that the vertical orientation of the maser wa= hetter suited to
mechanical stability of the cavity and bell jar assembly. Several factors
entered into this decision. Since the cylindrical cavity to be used was built
of several pieces, the best orientation for mechanical stability was to have
the axis vertical and avuid cantilevered structures that might flex or, in
time, deform under gravity. The support for the bulb inside the cavity also
could more easily and better be made in this orientation. Consideration of
thermal stability of the bell jar assembly demands that the connection to the
pumping manifold offer as little thermal conduction as possible. The verti-
cal orientation requires a less strong supporting structure and consequently
less heavy wall thickness for the connection to the manifold than would be
required for a horizontal layout.

The further considerations of compactness also favor the vertical
design although these are not, at present, of primary importance.

It was then decided that, if possible, the maser should be self-
contained and should only require to be connected to the power mains and
their outputs to a suitable receiver system. As time progressed and the
confidence in the Vaclon pumps increased, it was decided that it was impossi-
ble to build a self-contained unit and the frame layout was made to include
the Vaclon power supplies as well as the thermal and field control electronics,
the r.f. discharge electronics and the gas handling system. The frame lay-
out is shown in Figure 2. The details of the end view can be related now to
Figure 1 showing the manifold layout.

As will be seen in the discussion of the vacuum manifold, the appara-
tus is heavy and there is needed a very strong support at the flange joining
"o lower system (o the bell jar magnetic and shield assembly.

-7 -
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1

To reduce the amount of magnetic material in the vicinity of the maser,
the frame was made of aluminum extruded into a box section equipped with
a ledge intended for the mounting of side panels. A plaie of alumirum k7Al
thick is fastened to the top of the frame and supports the maser vacuum sys-

tem assembiy a: the junction of the upper and lower systems.

The Vacuum System

The vacuum manifold is designed to allow dismantling and changes
within the bell jar as well as the lower system where are located the source,
hexapole and the pumps. Two systems connected by a collimated orifice form
the vacuum marifold. The lower system, enclosing the source and state selec-
tor, :8 pumped by a specially modified 75 ¢/sec Vaclon pump operated at low
voltage. This par* of “he system is operated at about 10~ mm. Hg pressure
and is isolated from the upper system where a pressure of better than 10~7

mm. Hg is mairtaired,

The ertire manifoid outside the upper magnetic shields is fabricated
of type 304 stainless steel tubing. The vertical sectior. enclosing the hexa-
poie is made of 6" diameter 0.040" wall and has welded withir it a septum
made of incozel to which is fastened the collimated cha-.el cornecii. g the
upper and lower chambers. The inconel septum aiso serves as a magretic
shield for he hexapoie, Tubes from these two chambers lead each to a
Vaclon pump. Both pumps are located within a common magnetic shield
assembly. The polarities of the magnets are arranged so asg to form a
quadrupole ia order to veduce the shielding problem.

Flanges of the Varian Con-flat type are used for vacuum-tight joints
throughout the system with the exception of the bell jar seal. These fianges
employ a copper gasket into which a sharp edge is forced by tightening the
joint. Radial expansion of the gasket is preverted by a recess in each flange.
Figure 3 shows a typical flange of this type. 1In ali, four sets of flanges are
used and allow the system to be taken apart at the pumps, the source and
the upper bell jar assembly.
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2.1.2

2.1.3

2.2

Hexapole Mounting

The hexapole magnet is mounted in the manifold and fixed to it by the

following schcme.

The magnet is fastened to three posts each reaching down to a ring
recessed into the lower Vaclon flange. This assembly, shown in Figure 4
provides the vertical positioning of the magnet. Three radial screws frem
the magnet mounting ring bear on the walls of the manifoid to provide lateral
adjustment and positioning. The magnet is visually aligned with the axis of
the manifold and bell jar - cavity assembly. Atier this is done the septum

is adjusted and tightened into position.

Sourca Assembly

Since the state selecting magnet an:d the storage bulb are fixed, it was
th:.ught advisable that the source of hydrogen atoms be adjustable in position.
Figure 5 shuws the flexible bellows assembly used to mount the source. One
end of the 4" stainless steel bellows is copper brazed to a Can-flat flange
mating to the manifuld. the other end is brazed to a stainiess steel flange to
which is welded the Kovar sleeve onto which is sealed the glass r.f. discharge
tube. Three screws threaded into the lower flange and bearing against the
coanflat flange provide the asjustment of the source position in the magnet.
The lower flange also provides a location for the glass parts of the gas hand-
ling system which moves together with the source. Connection of the gas
handiing system with the hydrogen supply mounted to the frame 1s made by

a flexible small diameter copper tube.

Hydrogen Purifier and Flow Control

The design of this part of the apparatus followed closeiy that which had
keen found to be successful in the experimental masers previously built*. In

these systems the glass discharge tube was connected directly to a palladium

* Contract Nonr 3570{00)
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2.2.1

tube purifier which, in turn, was fed from a VEECO¥ variable leak. The
control of the flow rate depends on the setting of the variable leak which is
fed from a pressure regviated supply of hydrogen. Hydrogen pressure at

the source and at tne impure side of the purifier is measured by Pirani gauge
tubes tha’ connect to the measuring instrument, in this case a CVC" Autovac

gauge. The system is shown schematically in Figure 6.

Coarse adjustment of the flow is provided by the variable leak; however,
experience has shown that this device cannot be used for any reproducible
setting of flow. The fine adjusiment is made by varying the pressure from
the regulator and, normaily, a pressure from 2 to 3 lbs. per square inch
is necessary. The palladium tube offers another means of flow control and

this is used for tuning the masers, and will be described later.

Flux measurements can be made by the following method. Since the
volume of the glass bulb surrounding the palladium thimble is known and the
pressure of the enclosed gas can he menitored, the rate of flow of the atoms

can be cbtained from the relation

PV = n RT

dP _ dn o

VaT ~ a¢ BT
= Q

The relazica between the pressure and the flow at that pressure can be deter-
mined. Since the measurement is made over a long period of time (approxi-
mately 10 minutes) the static relationship vetween fiow and pressure is not
far different from that obtained by this dynamic method. From these data
the threshold level of oscillation and other quantities such as pump capacity

can be measured,

Hydrogen Pumps

The decision to use Vaclon pumps came as a result of the successful
operation of a pump over a period of 218 days at a greater rate of flow than

* Vacuum Electronics Corp., Long Island, N.Y.

+ Consolidated Vacuum Corp., Rochester, N.Y.
-10 -
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that reeded to operate a maser. The experimental system is shown in

Figure 7, and the data are given in the {ollowing section.

It was found that the pump would operate at reduced voltage, thus
diminishing the amourit of heat dissipated by the cathodes. In time, as
the pump collected more and more hydrogen, it became important not ‘o
heat the cathodes since this caused them to release hydrogen. The discharge
was maintaiced at 1.5 Kv. and 1.5 ma. and served only to keep the titanium
surfaces clean so that they could assimilate the hydrogen. The pump ran
for 202.25 days, at the end of which the cathode and anode short circuited.
On dismantling the pump, both the anode and the cathodes were found to be
severely distorted. This was expected for the cathodes but not for the anode.
The anode electrode, also made of titanium, was not subject to positive ion
sputtering, but nevertheless, since the system was so clean, became well
enough scrubbed by electrons and negative ions that it also contributed to
the pumping. Since the area of the anode structure is large and the cells
made of thin metal, the structuvre warped seriously when it combined with
an appreciabie amount of hydrogen. The cathodes, made of slabs of AL
titanium, are supported a‘ their ends and tend to warp inwards toward the
anode as the titanium combines with hydrogen. This was the reason for
pump failure. The titanium was far from saturaied and needed to be properly
suppor:ed to continue operatior.. A redesigned structure was built and is
row operating (as shown in Figure 8).

This new structure consists of titanium cathodes that are suppoited
both at the ends and at the mid« ‘e and incorporate slots to relieve the stress
ard prevent warping over large distances. The anode structure has been
made of stairlees steel and wiil no longer combine with hydroger:, and
therefore should remain intact.

Further data on pumping by a Vaclon device is being obtained from
the operation of such pumps on the two masers.
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Hyd:oge: Pumping Experiment®

A Vaclon pump was set up to determine ils ul’imate capacity. The
system is as showr schematically in Figure 7 and consis:s of a paliadium
purifiexr leading to a flow measuring system connected to the Vaclon pump.
Two methods of measuring the flow are empioyed. The fivst uses ‘he known
volume and rate of change of pressure of the gas iz the bulb of *he purifier
as measured by a Pirani gauge that was previously caiibrated by using a
McLeod gauge. The second method is by measuring the pressure drop
across a constriction of known speed. A further but not very accurate
method uses the Vaclon current as a measure of the pressure ir the pump.
This !ast method is ot directly related fo the rate of the pumping ir that
direct chemica! combination of atoms with the titan‘um is no? accounied for.
The da*a from ‘bhis experimer: are given in Taktie . and the calculaZiozs of
the fiow measu~ing system and measuremert of the gauge cor.sta-;s are

given below,

_Table i
Opera- Flow Raie  Quan':ty Pumped
Period ting Days Atoms/Sec. _Moles of H>
11 Dec. 961 Cam oy gl ;
0 27Dec. 1961 16 25X 10 14
27Dec. i96i to 5 s VT -
19 Jily 1962 202,25 7.5¢ x .0 1.10
Total moles of gas pumped = 1.24

Caiibration of Flow Measuring Equipment

The pumping speed of the tubulation betweer “he ‘o7 gauges is obtained

as follows:
Leungth of tube = 29.0 cm. = 4
Inside diameter = 1,05 c¢m.
Radius = -!—222 = ,525cm. =~ o

* This work was supported by the Office of Naval Research under contract
Nonr 3570(00),
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Referring to Dushma.n,* Chapter 2, p. 10},

F = KFO = gpeed of tube

F,= 11,428 oi"«/g = speed of orifice at absolute tempera-
ture T for a gas of molecular weight M

with T 298%K, for hydrogen,

F, - 32.25 liter/sec.

From Table 3, p.99,

with L/o= 29.,0/.525 = 55,2
K = .0458
and F = (.0458) (33.25) = 1.75 4/sec.

The ion gauge constants may be obtained from dp/dt measurements
as foliows:
V = Volume of palladium purifier high pressure side and
attached tubulations, pressure gauges, traps, valves, etc.
Assuming the pressure, P, is uniform in this volume, the ratz of evolu-
tion through the purifier when the hydrogen supply value is closed may be found.
Let M= PV = total quartity of gas in V at any time, t. Then the evolutiou

rate, Q, is givon by

dM

- ——

Q dt 3

s0 Q =V (- —%lf- ) since V is constent.

I-. PV = pressure at upper ion gauge and PL = pressure at the ion gauge.

Then Q = F (Pv -P)=F PVB {1)
PL
where B = (1- —P—) a.d F is the pumping speed.
\Y

# Vacuum Techniqgue, Saul Dushman, John Wiley & Sons, Inc. (1958).
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The ion gauge calibration factor, K, is given by*

where I, is the collector current, and I the grid current.

4
Ingeriing the value of P from (1),

1 FB

c

K = =
I
gQ

@)

The values of K found may be compared with published values for simiiar

ion gauge structures.

The dp dt measurements also give the flow rate direcily. By taking
ion gauge readings st the same time, the rates may be independentiy mea-

sured ai pressures corresponding to constant operating cond:tons.

Two types of ion gauges were used in these experimerts. The first
experiment used gauges with structures made of taztalum and were of a
geometry simiiar to commercially available gauges havirg gauge coastants
of abou* 25 for ritroge=. The hot tantalum metai, however, abscrbs and
beccmes embrittied hy hydrogen, so new ion gauges have bes: obiaired which
have tungstex structurss. These gauges are geoma:vically sim’la~ to older

1on gauges which have gauge consiarts of about 1. for z:itroger..“

As give: hy Alpert, the gauge constazt for hydroges is approxi-

mately .5 that for ptrogen.

The secerd hydrogen pumping experiment described i~ the ‘2%t ~as se
up with oze gauge of each type at the upper end of the ‘ube construct.or, so
+hat calibration factors could be obt~ined beiw zen the two types &t the same
pressures. The ra.io of their gauge constants was found to be 1.45 £ .0i.
Thus th- gauge readings are related by I, ¢antalum structure) = 1.451,

{tungster. structure),

* "Production an. Measurement of Ultrahigh Vacuum, " D. Alpert, Hand~
buch der Physik i3 , Springer-Verlag (Berlin, 1957,
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Before giving the calibration factors obtained by the dp,/dt measure-
merts, it must be borne in mind that there are very important sources of
error in using this technique, The largest errors appear to be due to the
evolution of gas from the walls, or in flux from other sources such as leaks
or virtual leaks, etc., within the volume, V. Another error can be due to
variation irn the quantity of hydrogen contained within ihe palladium metal of
the purifier during the course of measurements. Non-uniformity of pressure
and pumping of the ion gauges are other possible sources. In addition, varia-
tiors of 204 or so between similar gavges from different mazufacturers are

possible.

First measurements were performed using a McLeod gauge. Flow
rates and gauge constants are given below.

Pressure - mm. Hg  Flow Rate ~ mm. - /sec. K
1.5 1.22x 107 8.01
1.0 7.3 x 107 7.61
.5 3.51 x 107 6.67

These rates ave likeiy to be low, as are the values for K, since the volume
irvolved has sources of influx of gas. This was evident f{rom pressure rises
ir th2 seaied off system.

A Pizari gauge installed near the paliadium purifier would give data
less subject vo the above errors. The rest of the data for pumping experi-
men* No.l was obtained this way. Typical results are given below.

Pirani Pres~ Rate

Date sure, mm. Hg mm. -£/sec. K
12-11-61 2.70 1.29 x 1073 9.5
2-8-62 1.80 1.24 x 10~* 9.5
2-11-62 3.50 1.50 x 10-3 10,2
2-15-62 2.80 1.27x 107* 9.77
4-17-62 3.25 1.83x 10°° 11.8
4-17-62 1.75 1.23 x 1072 10. 54
5-17-62 3.10 1.57x10™° 12.3
5-17-62 1.80 1.03x10°* 12.2
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From these data, and in consideration of published values, assumption
of a gauge constant for hydrogen of 10.0 for ion gauges with tantalum struc-
tures and of 7.0 for those with special tungsten structures should involve
errors of no more than + 15¢. Further experimental work should reduce this
uncertainty greatly.

The second hydrogen pumping experiment incorporates the new Vaclon
pump cathode structure described in the text. The data is given helow,

Table 2

Operating Flow Rate Quantity Pumped
Period Days Atoms/sec Hydrogen = Moles (H;)
31 Jan. '63 to 16
11 Feb. '63 11 4,64 X 10 .037
11 Feb, '63 to 16
18 Apr. 163 67 7.02 X 10 .247
Total Quantity Pumped to Date = .284 moles H;

There is no obvious reason why this pump should not operate much longer
than the unmodified Vaclon pump in the first pumping experiment. The theo-
retical maximum is 1,75 atoms H; for each one of titanium. The mass of the
pump cathodes is measured as 660 grams, which is 13.8 moles of titanium,

So, if only one atom of H; for each atom of titanium proves to be a practical
maximum concentration, there would be a capacity of 6.9 moles of hydrogen

atoms for one pump, or 3.45 moles of H;.

Since the present pumping rate i< approximately 1.35 moles per year,
the total operating lifetime for a pump may be on the order of threc years,
This is at the rate of flow used in the second hydrogen pumping experiment,
which is a rate somewhat higher than that needed to scavenge the beam in
a hydrogen maser,
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2.3

Hydrogen Discharge Dissociator

The first hydrogen masers were operated using a Wood's discharge
tube to dissociate the molecular hydrogen. This form of discharge tube
uses a long column of gas between two electrodes that apply a d.c. field
to the gas. High voltages are needed resulting in considerable heating
and sputtering at the cathode. As first used by Wooc,'?" the gas admit-
ted coutained water vapor that acte. - s a buffer to prevent recombination.
Later versions, used on hydrogen masers, used a wail coating of dimethyl -
dichlorosilane {drifilm) to prevent recombination, as the presence of
oxygen with its strong magnetic properties was undesirable. These
properties cause magnetic relaxation in the bulb and consequently affect
the operation of the maser,

The size, power consumption and general unwieldiness of the Wood's
tube resulted in the development of a radio frequency discharge dissociator
for the maser. This technique is not new and has been described in the work
of Nagle, Julian and Zacharias,'* as well as that of Davis, Feld, Zabel and
Zacharias.!” Some guidance in the design of these discharges can be obtained
from the book by Sanford Brown!® shere the relationships between the pres-
sure, frequency of the applied field, and the size of the confining vessel are
explained. The design of the discharge begins with the flux needed to enter
the focussing magnet as well as the cross-section allowabie at the source
in view of the size of the aperture of the focussing magnet. For a given flux
the two parameters, aperture and flux, determine the pressure in the disso-
ciator. Consideration of beam collimating to reduce the flux in unwanted

directions will follow later. The source pressure cormally is in the range
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0.01 to 0.1 mm. Hg with apertures of about 0.5 to 0.8 mm,, and for frequencies
near 100 mc. the discharge vessel isabout 3. cm. in diameter., Under these

conditions easy starting of the discharge is assured.

The 1rteractior of r.f. fields with the gas can occur both in the electric
and magnetic mode. R.F. magnetic fields wili cause a toroidal motion of elec-
trons in the discharge and the coupling can be described by

3B
7xE = - EYIR
This method has the advartage that there is less bombardment of the walls of
the vessel by charged particles and consequently less erosion of the wall

coatings,

Electric excitation of the discharge offers the best mears of coupling
the energy to the gas. The electrode structure is simpie and the resonant
coupling circuit shculd be desigred with a high L/C ratio o obtair. high elec-
tric fields. Provision should be made for tuning the discharge resonator as
the electric chara~ieristics of the discharge region wiil change corsiderably
when th= discharge is started ard the circuit requires retuning once the dis-~
charge is lit,

Erosion of the walil coatings has been fournd to oczur and, fortunately,
with electric excitation the glass itszif has been found to provide a relatively
nor-r ziaxiag surface. The problem of erosion of the su~face sti.l exists and
a noiiceabie decompositior of the glass has beex fouad ‘o occur with the pro-
ducts of this erosion and decomposifion deposited as a daxk film near to,
but no’ at the position of the eiectrodes. Analysis has show: that these pro-
ducts contain no carbon. The films corduct elzetxicity only sligh‘ly and seem
to consis: of Boron Silicon compounds, possibly B4Si or B;Si from decom-
positior of the Borosilicate giass of which the source vessel is made.

Problems with the discharge have sometimes occurred when the power
level is raised to a high level or wher the electrode position has been changed.
At these times the discharge changes in color from the bright red associated
with atomic hydrogen to a pale lavender color and ever a brownish white
color. This cordition is not permanent and after a few more hours of
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operation the red color of atomic hydrogen returns. A spectroscopic analy-
sis of the discharge under these anomalous conditions is planned and further
source experiments are also planned with substances that might be used to
line the source. The requirements are that the source lining must not re-

combine hydrogen and also must not decompose in the discharge.

Substances su(':h as quartz glass, Vycor, etc., do recombine hydrogen."
It is possible that Boron Nitride {either in polycrystalline or epitaxial form),
Alumina, and some stable Titanium compounds might provide a solutiorn,
Methods of exciting the discharge in a less destructive way may also provide

a solution,

TLe glass soarces, however, continue to operate well when ieft undis-
turbed and some have been in steady operation for over a year with good
results,

The r.f. power for the discharge is obtained from a very simple vacuum
tube device consisting of ar oscillator, tripler and power amplifier. The out-
put frequency is about 112 mc/sec. and the power lovel is about i0 watts. The
r.f. cixcuits ana the coupling configuratior. for the discharge aic shown in
Figure 5.

Source Collimaior

The purpose of the source collimator is to reduce the flux of atoms in
the off-axis directions. Ideally, the solid angle of the beam from the collima-
tor should match the entrance solid angle of the hexapoie. The magnitude of
the source pressure determined, firstly, by the fiux wequirements and,
secondly, by the r.f. discharge conditions, also deiermines the design of
the collimator. A necessary condition for collimation by a long narrow
channel is that the mean free path in the source be longer than the length
of the chaanel. Otherwise, coliisions will occur in the channel and off-axis
acattering will result, In a following section it will be shown that the source
pressures will be between 2 x 10™! and 2 x 10~ mm. Hg,
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This large range of pressure is necessary for implementing the cavity
tuning technique which employs spin exchange collisions as a means for
qguenching the oscillation and hence, varying the effect of detuning of the

maser cavity.

The nighest practical pressure in view of the pumping speed available
is about 0.2 mm. and at this pressure the mean free path, A, given by

— 1 .
N =3 ez n is density of atoms
n6? is the collision cross-section
= 1.7 mm. £ 6.4x 1071 for atomic hydrogen.

For the length of the collimator aiways to be less than this mean free
path, a value of 1 mm,. has been chosen. Given the length of the coilimator,
the diameter, d, of the tubes is chosen so as to give = * olusation angle, g2/d,
matching the entrance haif -angie of the magzet. The mmaximum erirance
half -angie of ‘he magnet is 3.4 x 10~ vuiians.

The diameter of the co'iimator . .e is given by
d = 84
= 3.4 x 107 mm,

Ideally, then, the collimator should consict __ . eylindrical aggregate
of these tubes each of infinitesimal wall thickress and the whoie to have an
over-al] diamezer of 1 mm.

In practice, the coliimator is made of 400 tubes each having a diameter
of 0.038 mm. with walis 0.005 mm. thick. These are fused together by the
foliowirg method. Hundreds of small tubes having approximately 3 times the
dimensions noted above are drawn from larger pyrex (Corning 7740) glass
tubes. These are cut into lengths of 5 cm. and sized into batches of about
400 tubes each. A sleeve about 1.2 mm. o.d. with a wall of about .07 mm.
is drawn from a larger piece of Nonex glass (Corning 7720). This sleeve
is filled with the smaller tubes, taking care that all lie in the axial direction
of the sleeve. The ends of the loaded tube are each fused together and to a
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piece of glass cane. The aggregate is placed in a controlled oven and care-
fully softened and stretched about 3 times its length and allowed to cool. In
coo;ing, the outer skin ¢ocls faster but hardens at a lower temperature than
the inner tubes, allowing the whole to harden at nearl, the same rate. The
oute ‘ glass sieeve has 3 x 10”7 ¢cm/em/°C more rapid thermal expansion
than the inner {uoes and in cooling, compresses the tubes together. The
wubes, fused tc each other and to the outer skin, are cut into the desired
lengths using a diamond wheel and later cleaned in an ultrasonic bath. e
Each is inspected, photographed and graded accordingly. Figure 9 shows
a microphotograph of a 400-tube collimator made in this way.

Magnetic State Selection

Muiltipcle focussing devices have been studied by Bennewitz and Paul ,l 8
Friedburg and Paul :9’20 ag well as by Christencen and Hamiiton® and Lemon-
ick, Pipkin aad Hamiiton.? Since the time of these references, a great deal
of us= has been made of these devices for focussing beams of atoms and

melecules.

A very brief dascription of the focussing action wiii be given. This
wili be fcilowed by the calcuiation of beam internsities using the ex:zeme L1 a-

jectories method.

The Principle of Operation of the Magnetic Hexapole Stats Selecztor

The energy, W, of an atom having a magnetic dipole moment, 4, n
an exterrally applied magnetic field, H, is ~uH,. Now if 4 s constaat in

magnitude and parallel to an associated angular momentum, and if chafges
in H are slow compared to many periods of Larmor frequercy wi, = I‘ho , ¥
then the prejection of uon H is constant and the potential energy, W, is
proportional to p | Hy | .

The force on an atom is given by

- -1
F = -7W = BH VH,.

* IR is the angular momentum of the atom.
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When the moment is independent of H,, the energy W is written
W= -u- Ho = - Meff Hy

= 2w =
then F = - "a-'l‘{'ovHo bl Meﬁ-'v’Ho

In general, there is some dependence of the moment on H, and the term - _g'%,
is referred to as the effective component of the magnetic moment in the direc-(-)
tion of 7H,.

Figure 10 shows the behavior of the hyperfine cnergy separation of
atomic hydrogen with magnetic field. The quantum number F results from
the coupling of the magnetic moment of the electron with that of the nucleus
and is numerically equal to the total angular momentum of the coupled sys-
tem (in units of h), The coupled system can exist in two states, F=1 and
F =0, and the three degenerate components of the upper state, F=1, can be
resoived by a small magnetic field. As the fieid is increased, the coupled
energy of the particles becomes small compared to their energy in the
applied field, and eventually the coupling energy becomes negligible com-
pared to the energy of the particle ir the fiell (Paschen ~back region). The
erevgy of this interaction in the intermediate region can be described exactly
by the Breit-Rabi formula®

AW u AW
_ 0 I 0 |1+ x+ 2
W(F’m)"——_Z(ZHI) - T Hym# -5 [ 21+1 -|

[“ %J- * L;—L]Ho

where X =

AW,

(gI ” gJ) Mo Hy
AW

o

H
- E:I_ﬁ_q_ i
AW, since “I << My
M, is the Bohr magneton,
the plus sign is taken for the upper state and minus for the lower,
I is the angular momentum of the nucleus in terms of h,
AW, is the energy separation at zero field.
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The nexapole field is une of a family of multipole fields characterized

by a magnetic poiential function sin n 8, where 8 is the azimuthal field co-

n-1

oxdinate. The field ‘ H [ is proportional to r . In the case of the hexapole,

n=3 and [H| is proportional to r2. This is usually written as
2
r 1
H = H [—-
c pLry J
where Hp is the field at the pol= tips,

The force - 5 the atom is then given by

Fr= Mg Y, Hy

= 2 Mﬂn r
T, % :
p
For hydruger, using the Breit-Rabi formuia,
= - X there the upper sign is
m.. =0, = 7
F Hett = £ Mo a+x) /° chosen for the F-=1 state)

mp = 21, Mopr= 2 M, .

The moment is constant for the mp = +1 staies, and for large x values
the Boir of the mF=O state approaches pg. In view of the approximation “hat
is abour to be made, it is well to observe that x=1 for a field of about 500
gauss. The field in Lthe hexapoie used in practice ranges from zero at the
centar to over 8000 gauss at the pole tips and therefore putting Hogp =My
is a good approximatica,

zluolno

£

F,.= +kr, k = -

p

Since the force is proportional to the radius, the solution is of the simple

harmonic type.
- . [k . “i
r = Acos mt+Bsm,th

where the force is directed towards axis (atoms in state ' =1, mp= +1,0j,
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and r = A'cosh /[—E t + B'sinh /TS. t
v m N m

where the force is away from axis (atoms in state F=1, mg= -1; F=0,
mF e O).

This forms the basis for the calculation of trajectories of atoms from
the source to the entrance of the maser bulb and Figure 11 shows the geometry

of the problem.

The following method is used to determine the flux into the bulb. The
velocities are determined for the trajectories of the atoms that

a) graze the magnet tips and enter the bulb by grazing the
upper part of the hole--see trajectory fast (Figure 11j;

b) graze the magnet tips and enter the bulb by grazing the
lower part of the hole--see trajectory slow (Figure 11),

These are the fastest and slowest atoms that have the largest possible entrance

solid angle.

The solid angle of the magnet is given by

2 2
0 _ 8% _ 1 % _ 1 (.aazl'pz fwhere £, =0
g 0 T4 T 4 1.2 > Z z in this case)
1+ v
w

The flux of atoms is obtained by

v

fast . .
r2u H 21 ey
I==f : . o P . 2 Je dv,

mr
s m v ot
v,
slow
_ area of solid velocity distributicn
source X angle X of atoms in a beam
where o = 2
m ™ _cemZgec™ *
_ _ 22 __mm
I, =%mv, = 3.513x 10 AT
n der.ity in the source
v, = average velocity

M = muss number,

* S, Dusnman, Vacuum Technique, p.17 John Wiley & Scns, New York).
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Then

n2 M, H I v /A v /d
e (UM

There are some faster and slower atoms that ure launched more parallel
to the axis and do not graze the magnet; however, due to the sirong velocity
selectivity of the system, these atoms account for only a very small portion

of the beam.

The trajectories are obtained as follows. At a distance %3 from the

exit of the magnet

r = rpsin wiz ;. why oo Wiz
v v P v
For r= £y
T, . Wi, wi wh
+ = = sin —£+ COD el

p
Solving this for v for both sigas of r, gives the velocities v_ ard v,
S i
It is useful o know the trajectory of the certer ray r, = 0, and this is

given by the soiution of

wiz wis

v v

tan

By choosing a value of v {usuaily the most probable velocity = v?a)
and the length of beam 4, the hexapole can be desigced if a value of maximum
field is given.

As an example, let the source temperature be 300%K, the magnet radius
be 1.59 mm., 4 =29 cm., Hp = 8 kilogauss, and v= % o . Solving equa-
tion (3) for £, gives £,= 3cm.

If the hole in the bulb has radius 1 mm., then solving equation 2 for
Viagt 204 Viioy gives

/ 3
Viast = 1.059 5 o
Vslow = '0952./-%-0!'

-25
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Substituting these as the limits in equation (i), the No./sec./unit source area/

unit source pressuve ir mm. Hg is given by

L = 3,34 x 10! ator:s cm” ¢ sec™! (mm.Hg)™!
mm.Hg

ﬂl‘SZX P

The use of a collimatea source will make little change in this calculation
if the collimation is such that the entrance solid angle of the magnet is filled.
This comes as a result that collimation does not change the flux of atoms per
unit solid angle for small solid angles in the axial direction.

If the source pressure is taken as 10”2 mm. Hg and desired flux is
2 x 10™% atoms/sec,” the source diameter is found to be 0.86 mm. In
practice, the source collimators are about 1 mm. in diameter (see Fig. 3)

and are designed to operate between 10~% and 1072 mm. Hg source pressure.

Desigr. and Fabrication of Magnets

The design of *he hexapole follows that given bv Christenson and Hamil -
r.on,21 where Ainico V pole pieces are mounted in grooves in an Armco Iron
yoke. The grooves are made using a special brooch go that the yoke caxn be
made in one piece. Poie tips of Armco Irer are boited through the Alnico to
the yoke using s‘ainless steel screwe. Considerable care is taken before
assembly to anneal the pole pieces and then to grind them lightly to their
final dimensions. The hexapoie maguet is shown in Figure 12.

The magret is energized by winding alterrate sections of the Alnico
with 25 turms of No. 16 teflon insulated wire., A %" iron rod is inserted
in the gap to close the magnetic paths. A shot of current, obtained from a
d.c. arxc welder, provides sufficient magnetization to saturate the system,
The fieid is monitored by using a Hall effect probe across a pair of poles
ard saturation current can be measured. The actual field at the pole tips
is difficult to measure due to the small size of the gaps. However, by
using a thin Hall probe one obtains an average over the area of the crystal,

# This is about twice the threshold flur for the masers currently in operation.
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2.5

Normally, this reading is greater than 7 kilogauss; however, since it is
not possible to determine the effective area of the crystal without destroy-
ing the probe, there is considerable uncertainty in tlis measurement.

A better and more fundamental measurement can be obtained from a
coil rotating on the magnet axis and whose windings come cl.se to the pole
tips. This is necessarily a small coil and the average effective coil area
for a field with a strong gradient is not easily determined; nevertheless,
the measurement should be good to 15¢. Measurements of several magnets
using this technique havz shown that the fields are of the order of 8 kilo-
gauss at the pole tips. The signal from the rotating coil should be at 3
times the frequency of rotation, and asymmetries in the field distribution
show as signals at the rotation frequency. This serves to check the mag-
net for uniformity.

The S.orage Bulb

The principal advantage of the hyd.,ogen maser is obtained through
the use of a storage bulb having walls coated with a substance that has ex-
tremely little effect upon the colliding hydrogen atom. Atoms with average
velocities approximately 10° cm/sec collide with the walls, rebound and
suffer a phase shift with reference to the vector describing the "natural"

1 f. precession frequency that can be best described in the foilowing way.

An atom, entering at 10° cm/sec into a bulb roughly 10 cm. in diameter,
will traverse it about 10* times bcfuve leaving. In doing se it will have col -
lided about i0* times with the walls of the bulb. It has been found experi-
mentally* that the frequency shift under these conditions using teflon walls
is a few parts in 10", This corresponds to an average phase retardation
of 10~* radians per collision.

Thic remarkably small frequency shift is analagous to the pressure
shift of gas cell devices but very much smaller. In gas cells the shift is
observed to increase or decrease the resonance frequency dzrending on the
type of buffer gas. The decrease in frequency is due to electric tields that
* D. Kleppner, private communication.
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arise during the collision, and it can be described as a Stark shift. In
cases where an increase is observed, the effect has been described as due
to collisions that involve deeper penetration and interaction of the electronic
clouds surrounding the colliding atoms. There results from these stronger
interactions a confinement of the valence electron of the active atom to a
volume that is smailer than normal. From a wave mechanical point of
view, since the electron spends more time in the vicinity of the nucleus it

has a higher energy of interaction and hence a higher frequency.

The hydrogen interaction with various walls has been measured for
two substances, namely dimethyl dichloro silane (drifilm) and tetrafluoro-
ethylene teflon), Both these have shown negative shifts. It is very impor-
tant that more study be devoted to these shifts and that various types of
coatings be investigated and catalogued, It is very likely that a coating can
be found that will show far less shift than presently observed for teflon.

Experiments will soon be in progress to measure a scries of substances.

There are two stages to this determination of wall shift. The first
iz to verify that the substance in question will not cause relaxation on colli-
sion, For this purpose special bulbs have been made having a large opening
at the end opposite the entrance hoie and coated internally with teflon. The
large hole will be closed with a plate made of, or coated with, the sample,
and rthe maser then operated. Frequency shift measurements will not be
made using *his bulb, as the surface in question is not large enough.

Having found that a particular coating does not relax the hydrogen
aroms, the second stage of the experinient consists of coating or manufac-
turing a bulb of standard dimensious 2nd time constant and operating the
maser to compare against others having a standard coating to ohtain the
relative shift,

The absolute shift is obtained from a series of measurements of
bulbs having different diameters to obtzin different collision rates (the
velocity of the atom is assumed to be that for thermal equilibrium with
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the bulb). By varying the collision rates, the shift in frequency can be
extrapolated to zerc rate giving information about the zero collision reso-

nance frequency as well as the phase shift per collision.

Bulb Coating Techniques

The application of the coating to the bulb should be done in as weil
controlled a manner as possible to agsure reproducible results. So far
only three types of coating have been used--dimethyl dichloro silane, tetra-
fluoroethylene (T.F.E. ),* and fluoro ethyl propylene (F.E. P. ).¥ Thelast
two belong to the ''teflon'" family, the former having a high melting point
and the latter being fusible.

Coatings with drifilm are chemically bonded to the substiate of sili-
con and oxygen probably through the OH groups that are bound to the quartz
surface. The hydrogen combines with the chlorine of the drifilm and is
evolved as HCy leaving the silicon atom bonded by the vacated oxygen bond.
In effect the drifilm be.omes an extension of the quartz SiO;) surface.

To apply the drifilm, the following procedure is used. First the
bulb is cleaned in a chromic and concentirated sulphuric acid bath and
rinsed carefully in distilled water. The bulb is then dried in air and
equipped with a tube leading to its center through the beam aperture.
Argon gas is filtered and bubbled througl the liquid dimethyl dichloro -
silane and made to enter the bulb. The gas that emanates from the bulb
is monitored, and by esti™mating the size and number of bubbles, one com-
plete change of atmosphere in the bulb is made using the saturated argon.
The bulb is now placed on a well trapped mechanical forepump and evacu-
ated. This evaporates the drifilm that is not bound to the quar.z. The
bulb is now ready for installation.

Bulbs to be coated with drifilm generally have integrally made aper-
tures that control the bulb time constant. Bulbs that are to be coated with
teflon use stoppers made of solid teflon with suitably bored holes to pro-
vide an aperture having the desired collimation,

# T.F.E. Teflon, and F.E.P. Teflon are duPont products.
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Coatings of teflon are applied from the water dispersion of T.F.E.
or F.E. P, teflon resin. These have roughly 50¢ solids with water and a
wetting agent added. It has been the practice in this laboratory to roughen
the inside of the bulb by agitating a mixture of clean glass shot and carborun-
dum. By providing such a surface it is believed that the adhesion of the

teflon is improved.

The resin is generally diluted 2:1 with water and a few cubic cen-
timeters of it are very carefully introduced into the bulb using a pipette to
avoid making bubbles. The bulb is carefully wetted all over by revolving
it and then placed in a rack to allow the excess resin to drain through the
stem. Curing of the teflon is done under vacuum and at temperatures up
to 475°C in the following way. The bulb is installed on a vacuum stand con-
sisting of a liquid nitrogen coocled trap and a mechanical forepump. A low
temperature bakeout at 150°C is used to drive off the wetting agent, and
this temperature is mnaintained for about 10 minutes. The bulb is then
raised to 450°C to 475°C as measured on the bulb surface by thermocouples,

and the teflon is observed to fuse into a relatively smooth film,

A rudimentary check of the coating can be made by putting a drop of
water into the bulb and observing it roll around. If the water sticks to the

surface anywhere, it is a sign that the coating has a flaw,

It has been observed that the coating thickness or uniformness has no
effect on the maser and that fairly heavy coatings, fused in this manner
under vacuum, do not outgas appreciably when installed in the maser, and

no bakeout of the bulb is necessary.

The R.F. Cavity

Of all the sources of instability that presently beset atom beam reso-
nance devices, the cavity or r.f. structure is the most troublesome. In
the case of the hydrogen maser, the detuned resonance frequency of the
cavity will "pull" the oscillating frequency of the transition., Similarly in
the case of the r.f, structure on beam resonators, an asymmetry in the

.30 -



phase of the r.f. s1p}ine <2 1eswt ir a pulling of the resonance frequency.
For devices such 43 in2 aydrogen maser where the line Q is larger tiian

the cavity Q, this express’ n has tie form
Q
Q/Z

(w—wo) = ("’tuned -wo)

where Q. is the loaded Q of the cavity and
Q

P is the line Q of the atomic transition. (In hydrogen mas-rs,

w - .
Q= 2—3— where ¥ is the storage time constant of the bulb.)

The cavity Q also playas a role in the threshold level of flux for oscillation.

Ly = hVy?
2
8 ﬂzuo Qm
where h is Planck's constant,

V :3the volume of the cavity

¥ is the bulb relaxation time constant

K, is the Bohr magneton

Q is the loaded quality factor of the cavity

® is the ratio <H;’ >b

<Hrf >V

H, isthe comporent of r.f. magnetic field parallel to the

‘b d.c. field in the bulb.

One can gain in insersitivity to cavity tuning by diminishing the loaded
cavity Q by decreasing the ~value of ¥ for a given flux level. The termy,
however, consists of many relaxation constants such as exit time constant, ¥y,

wall auenching, Yw' spin exchange, Yge, and the effect of impurity gases, Yimp
Y= ¥t YT Yse ¥ Yimp

Of these, at low flux intensities the most important is the value of '}, which
normally is made about 3 sec™?, The value for Yse depends on the pressure
in the system and for normal operation is usually about .5 sec 1,
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Typical values used at present are

Qe

)

4 x 104
14x10°

so that for a frac.i01al frequency stability of a few parts in 10" the cavity

must remain tuned to within 5 cycles/sec.

in the fir st masers the bulb formed part of the vacuum envelopc and
the cavity, surrounding the bulb, was open to the atmosphere. Changes in
barometric pressure aad in humidity wil} alter the dielectric constant o:
the air in the cavity sufficiently to detune the cavity. A simple solution to
this problem is 10 enclose the cavity in the upper vacuum system. Other
advantages are also realized due to simplification in the bulb mounting as
well ag in therma, ~ontrol. The cavity and bell jar vacuum envelope are

shown in Figure 13,

To achieve the necessary stability against thermal and mechanical
variations, considerabie attention was devoted to the structural design of
the resonator. In a .elatively quiet environment where no targe shocks or
accelerations are expected, the mechanicai ilexure problem is not difficult
to solve and the primary corcern is thermai rmmovemerts, One can cope
with the prohlem by reducing the thermal variability of the cavity and by
gtabilizing tl.e environment of the cavity so that thermal fluctuations are
very small. These methods are now in use. Temperature compensation
of a cavity can be obtained in several ways, and considerable simplification
results from the fact that the cavity is used over an extremely narrow band
of frequencies.

The present cavities are cylindrical in form and operate in the circu-
lar E mode that presents a reasonably large volume of uniform r.f. mag-
netic field. By using a hollow silvered quartz cylinder having a low expansion
coefficient, gross thermal detuning can be avoided. The residual detuning
can be compensated by mounting one of the ends on metal posts that expand
inward as the walls expand radially outward (see Figure 1). For an unloaded
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cavity, the calculation is relatively simple. However, for the present con-
figuratior. involving a quartz bulb, the problem is somewhat different. The
importar’, parameter is the tuning rate in megacycles per cm, of motion of
~he end plate. Measurements have shown that the cavity length must be
changed from 27.9 cm. to 24,1 cm. in order to stay in resonance when a
typical bulb is introduced. The tuning rate for the loaded cavity has been
measured end was found to be very nearly that of an unloaded cavity having
the leaded cavity dimensions.

For compensation we need the sum of all thermal frequency shifts

tco equal zero.
OV | 8v 3dr
3T = IF 5% » tue radial thermal tuning rate,
5 L a
= 3—-;- &« r_ where « is the linear coefficient of
14a expansion of the quartz,
5 rq is radius of quartz cavity,
Oy dv 3y ) )
5T = 37 3T the axial thermal tuning rate.

%.% i8 made of two parts--an elongation of the quartz and an elongation

of the compeusating posts.

-g—% = % (aq!, - o zp) where . is the linear coefficient

a P of expansion of the com-
pensating posts,
Lp is the length of the posts.

For compensation:

3y, a_v_| _
aT | * AT 0
yA Y
\Y) a\)
4 = - = 0
ST % Tq v 37 laglg mapsy)
%_v_
_ Tr
‘ @pdp = Qg 3v q Ty
Y




Sir~.e ¢ is determined by the length of the quartz and the degree of
the detuning due to the load, and & is given by the nature of the materials,

it is often necessary to use two materiais having different a's such that

= + £a2.
ap!,p Qs £y az L2

Fine tuning of the cavity is done bv means of a small plunger entering
the lower end plate of the cavity actuated through the vacuum envelope by
means of bellows and adjusted by a finely threaded positioning nu’.. (See
assembly 52 to 60 inclusive, Figure 14.) Coarse tuning during assembly is
obtained by etching the compensating posts {42) (43) of Figure 14.

Thermal compensation as described here is affected adversely by ther-
mal gradients and care must be taken to keep the temperature of the cavity
2s uniform as possible. This topic will be discussed in the following section.

2.h.1 Thermal Control

In the previous section a description of the technique for thermally
compensating the resonant frequency of the cavity was described. It is
recessary $o reduce ‘emperature gradiepts as much as possible for this
technique 10 be successful. A further large gaiu in frequency stability is
realized by controlling the t ‘mperature. The cavity is enclosed in two con-
centric cylindrical ovens. Each oven consists of bifilar heater coils weund
on an aluminum cylinder capped at both ends. (See 4, 28, 29, 45, 47 and
67, Figure 14.)

The cylinder and caps form an isothermal enclosure. Between the
outer and inr.er oven there is an insulated gap 1 inch in thicimess filled with
glass {ibre (7). The outer oven is similarly insulated. Tbe inner oven and
bell jar are in good thermal contact using copper tube pellets (20), and the
bell jar (33) forms a second thermal equipotential. Heat conduction to the
cavity from the bell jar is provided by three copper mounting atuds (14) to
the cavity base (16) and by three silicon bronze rods (21) to the cavity toyp
and compensating system (19, 37, 39, 42, 43). There are numerous
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undesirable paths for heat conduction such as between the ovens at the
mounting spacers {i, 2, 3, 82) and these spacers are made of thin stainless
steel tubing to minimize the effect. Major heat leakage paths such as the
r.f. coupling (76, 15) and tuner mechanisms (60) are tied thermally to a
thermal reference plane (74, 75) clamped at the base of the neck. The tem-
perature difference across the copper neck (62) between this plane and the
base piate of the bell jar (13) is deternined by a 10 janction thermogile

with a sensitivity of 600 uV,°C aud used te servo a heating coil bifilar wound
at the base of the thin stainless section (70). An auxiliary controi winding
is also located at this point and its function will be described below.

Temperature sensing for serve control of inner and outer ovens is
done by platinum bridges located on the aluminum oven cylinders midway
between top and bottom. A separate bridge for monitoring is located at the
bell jar base. As the excitation for the bridges must be floating with respect
to ground due to the desirability of having unbaianced inputs to the servo
amplifier, a floating 0.8 V excitation supply has been made using two photo
cells illuminated by a tungsten bulb. This supply is well shielded a- d very
constant, The ouputs from the bridges have a temperature sensitivity of
1.6 X 107 V, /°C and are led to chopper stabilized amplifiers which con-
trol the heater current. The gain of the system as given by T out AT;, is
approvimately 100.* The circuits for these amplifiers are shown in
Figure 15,

Heater power from the outer oven servo amplifier is also applied to
the auxiliary winding on the neck and provides heat to compensate that lost

to the outside of the maser.

The time constant of the response to the transient temperature shift
for the inner oven is about 2.6 hours, and the control under normal room
temperature range is such that the temperature monitored ai the bell jar
base is held to within + 0.014°C.

# Note: Limited by leakage paths and not servo gaia,
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2.7

Magnetic Shielding and Field Controls

The requirements for magnetic shielding and control of the residual

magnetic field are hest understood by considering the Breit-Rab1 formula

.. AW gl bWo [, , 4m 2]4
W (F, m) sEi-1) -1 HoMEg—(ltamXtX

For the transition F =1, m_ 0~ F=0, m =0 of atomic hydrogen, the

F
energy difference AW = nAv is given to second order in x by

Avo x3
2

3" B Av  +
(o]

= - = 5 8
Af Av AVO 2750 HO

Af is the frequency shift due to the presence of the magnetic field in the bulb.
The shift is quadratic in HO and for the case ¢f the hydrogen maser where an
atom occupies, on the average, all the space inside the bulh, the average of

HO"‘" must be taken in calculating Af,

Gradients in the bulb can produce relaxation of the excited states in
several ways. If the field in the bulb is very small and has gradients, it
is possible for Majorana transitione to occur due to motion of atoms in the
spatially varying field which appear as time-varying fields to the atom,
Transitions occur when the component of r.f. thus generated is sufficiently
strong in the frequency range associated with the transition. These transi-

tions involve cheues £ 1 in the m value of the upper energy state.

A secord "relaxation" involves the phase decorrelation of atoms as
they spend their time in fields of varying intensity. A spread in the phase
of the oscillating magnetic moments of atoms occurs when the atems wander
aboui in regions of higher and lower d.c. magnetic fie.ds. This effect is
=0~F=0, m,=0

F F
transition, arises from the quadratic behavior described above as Af = 2750 H o 8,

more pronounced at higher fields and, forthe F =1, m

The control of frequency against field fluctuation is best achieved at low

fields as shown below,
daf = 5500H0dHo
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If the uniform field is produced by a solenoid, then Ho will be propor-
tional to I and
dH

= 2 <
daof = 5500HO H
0

- s 4l
5500Ho T

Given %A—t = 10 3 and H = 1073 oersteds, then

dl _ g
5.5 X 10° X 108

T

= 2.5X 16 *®
This degree of current stabilization is not difficult to obtain.

Magnetic Shielding

The problem in magnetic field control is that of removing the ambient
field and replacing it with one that is uniform. The shields will play two
roles in this effort. First, they reroute the externally applied field lines away
from the interior. Second, the inner shield foxrms a cylindrical equipotential

surface for the fields generated by the interior solenoid.

When the solenoid windings are brought right up to the end caps, the
currents and their magnetic images will produce the effect of an infinite

solenoid and provide a very homogenous maguetic field.

The effectiveness of the shield depends upon the magnetic permeability
of the material from which it is made. In the case of an infinite cylinder of
radius b and thickness t, the shielding factor G can be given very closely by

=41
G =55

For two coucentric cylindricai shields where the spacing between them is large

compared to the radius

243
G:-%—-%Ts— s>>b .
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The progression from one io two shields indicates that the spacing
igs as importani as the thickness. More important, however, it is seen
that the shield factor depende ou the permeability raised to the power n
where n is the number of shiclds. Shielding raaterials such as mu metal*
are described as having permeabilities in tne 10* to 108 range and therefore,
typical double shields shu.ld have shielding factors of about 10*. The in-
terior fields for an exterior ambient field of one gauss would then be 100
microgauss. Unfortunately, there are other properties ci the metal that
deteriorate this performance considerably. At low fields (tens of milligauss
and less) the permeability is less high, but more scrious is the question of
remanence or permanent magnetization that may be present in certain areas
of the shield. These are removed by degaussing the shield by the usual tech~
nique of using a slowly diminishing a.c. field. However, an improperly
annealed shield will have ""hard s~ots" wher the coercive force and remanencs

may be high and the shielding effect for a -mall change of field will be poor.

Due to the quadratic nature of the magnetic dependence with frequency
at low fields, it is desirable to operate the device at as low a field 1s possible
to minimize the effect of field fluctuations c.. the output sighal. it is important
to consider the effectiveness of the magnetic shielding L.efore setting a magnetic
field intensity at which to operate. Flictuations in the external ambient field
due cither to terrestrial or local causes will be shielded out of the interaction
region by a factor, S, wnich depends on the nature of the shields. The internal
field change is 1/S times the internal field change

1,
AHOint S uHOext

The level of fieid at the bulb chosen for operation must be greater than

the largest _A.H,(_)Eit. expected in order to avoid gradien's large compared to

the average field in the bulb and the consequent Majorana transitions.

Triple shields consisting of concentric gmetal cylinders having the

following dimensions have been used.

* Allegheny Ludlum Sisel Corporation, Brackenridge, Pa.
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Length Diameter Thickness of Metal

Inside 3av 15" 0. 025"
Center 34" 17 0.025"
Outside 36" 19 0. 032"

The mcremental shielding factor 8 for changes of Hogyy of 0. 05 gauss
has been measured and found to be between 190 . .d 250. The factor based on
calculations involving the low ficzld permeability of mu metal is very much
greater. However, little data on incremental permeability at very low fields
is available and it is likely that other materiais such as moly permalloy may

be superior in performance,

The shielding problem is nne which might be broken down into twu parts.
The firs* problem would be to obtain shields that will reduce the external am-
bient field from 1 gauss to 0. 01 gauss regradless of the orientation of the shicld
in the external field. The second part of the problem is to construct an inner
shield having very good incremental shielding factors that would operate in {h»

low field environment created by the cuicyr shield.

At present the shields exhibit soine residual magnetism and mus! be
degaussed while in the ambient. field of the place where the maser is located.
The process is really not one of demagnetizing the shields but rather one of
realigring the ferromagnetic domains of the shields to the positior of least
energy with the ambient field. Unfortunately these domains still require erergy
for their realignment and this is supplied by the usual method of applying an
aljternating magnetic field that gradually is diminished to zero. The emphasis on
the design of very low field shields should not be placed on high mu materials;
it should be placed on having low coercive force, If a given material does not

have both properties, then a composite system should be built.

An important local cause of field pe.iurbation results f-om the magnets
used on the two Vaclon pumps mounted on the maser. The problem of shielding
the static field is not serious since the existing triple m metal shields, properly

degaussed, will provide fields low enough for maser operation. However, since
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these external magnets are strong, the external static field can be varied
easily by the presence of magnetic materials moving nearby that change
the reluctance of the magnetic paths, These effects are minimized by
bousing the magrets in shields consisting of two layers. The inner layer
is made of 0. 007" permalloy and 1s spaced at least 2 inches from the
magnets. The outer layer, spaced one inch from the inner layer, is made
of 0.032" mu metal, Both magnets are housed in the same enclosure and

are oriented so as to present a amall total dipole moment.

Degaussing Techniques

Several methods for degaussing shields have heen tried, and these
wili be briefly reported.

The first method used was to wind a degaussing coil about each shield
and separately energizing it from a variable transformer. Sixty-cycle al-
ternating current was applied co as to saturate magnetically the mu metal
and the current wars "hen reduced slowly to zero. Each shield in turn, from
the outside in, was degaussed. Besides being cumbersome, this method had
the disadvantage of nct effectively degaussing the end caps of the cvlindrical
shiclds.

A second method was tried which involved winding a ccil toroidally 2bout
each shield, threading the wire through the inside and around the outside. Caps
were wound in the same manner by passing the wire through a small center hole
in the case of the upper cap or through the hole for the mounting neck in the case

of the lower cap.

Each piece had a one-turn pick up coil used to display the saturat:cn and
monitoy the process m anoscilloscope. In all cases a magnetomotive force of
less than 500 ampere turns was necessary to obtain saturation, Degaussing
using this process was more satisfactory than previously, although the technique

was more complicated.

Simplification of the method was oltained by passing 500 amperes through
a one-turn coil that threaded all the shields. This "coil" consists of the conducting
- 40 -



bell jar and an :nsulated terminal on the top of tne shields. The connection
ic made as shown in Figure 1. A copper bar is threaded in an insulating
bushing and tightened sc as to contact the top of the jar. High current con-
nections are made to the bar and to a lug at the base of the neck, and lead
to a low voitage, high current transformer fed by 2 variable transformer.
The powe'. required is moderate and readily controlled by a 1.5 KVA vari-

able transformer.

Magnetic Field Measurement

The importance of the magnetic field stability has been described and
the necessity of making accurate measurements is quite obvious. If one
considers the energy level diagram (Figure 10}, it will Ye observed that the
upper energy level designated as F = 1 is a triplet state and its degeneracy
is resolved into three components when a magnetic field is applied. Transi-
tions can be made from the mg = 0 level to both the mg =+ 1 and mp = - 1
levels, and at low field, the transition treguency is given by Af = 1.4 X 10%H
cps. By observing the level of oscillation of the maser while these iransi-
tions are being made, it is possible tc resolve the applied frequency to better
than one cps, which gives a precision to the measurement of betier than
7 » 1077 gauss. Inview of the long resonance interaction time of the hydrogen
maser, it is potentially an outstanding maganetometer. Operated as a maser
using the field dependent transitions, the output frequency will represen: the
center of the narrow line resonance in a manner equivalent to dividing the
line into many thousand parts. Measurement of field variations accurate

to 10" *! gauss should thus be possible.

Included 1n the maser is a Helmholtz coil located immediately outside
the cavity and oriented to produce an alternating magnetic field transverse to
the d, c. field as prescribed by the selection rules for AmF = % 1 transitions.
These windings are not grounded to the apnaratus. To de so would make pos-
sible Seebeck effect currents from a warm junction of diseimilar metals inside
the bell jar and a cooler junction in the room, These cutrents through ihe
Helmboltz array will cause spurious fields in the cavity.
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Power from a variable frequency oscillator at 50 ohms impedance is
fed through a set of attenuators to a step~-down transfcrmer, the output of
which is connected to the Helmholtz coils. To make a measurement, the
maser output power level is monitored by observing beats against ancther
oscillator. A signal ~t high level is applied and scanncd in fregaency until
the oscillation of the maser is seen to be quenched. Power to the coils i3
reduced and finer adjustment of frequency is made until the desired level
of 2ccuracy is achieved. Care stould be taken to be sure that the resonant
frequency is not a second or higher harmonic of the signai geaerator. It
is often found that some generators are quite rich in harmonics. A simple
check can be made by doubling and tripling the oscillator frequency.
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3.0

3.2

MEASUREMENTS AND DATA FROM HYDROGEN MASER EXPERIMENTS

Introduction

The eaperimental program at Varian Associates, Bomac Division, has
been in progress since December 1960. Support from the Office of Navai
Research wzs obtainea .n September 1961 which was directed ioward the
research and developmert of hydrozen masers. In February 1962 Varizn,
Romac, coniracted with the National Aeronautics and Spece Admimstration
to construct two state-of-the-art- masers. These were built using the best
technigques known at the time and are shown in Figure 16. A cooperative
effort between NASA and the navy resulted in measurements made on the
NASA masers via V., L. F, transmissions and Loran "C" against standards
monitored by the Naval Observatory in Washington.

In the following section, data will be reported from measurements of
the relative stabjiity of these two masers as well as their stability as mea-
sured via external communications. The external data was submitted daily
to Dr. William Markowitz of the Naval Ubservatory. The data was reduced
and the nuiperical calculations were then worked out and the rumbers later

reported back to the Varian Associates laboratory at Beverly, Mass.

"A report by Dr. Markowitz 1s given in Appendix ] describing the

results of this comparison.

Measurements and Data

The hydrogen maser has the outstanding characteristic of being able to
confine atoms in a relatively small volume for periods of time many seconds
in duration without appreciably perturbirg the atoms as they interact with an
electromagnetic field. This long interaction time results in a very narrow

resonance that can be described as having a line Q, Qz, equal to

w w
Lo = -8
Ai\wr 2y

where Y is the storage time constant for atoms in the volume of interaction
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with the r.f. field. The atoms cnter the interaction region in an upper
hyperfine state and are stimulated to make trarsitions to the lower hyper-
fine state.

If the power emitted by the atoms exceeds the losses coupled io the
r.f. field, then the system will oscillate continuously at the frequency near
the center of this narrow resonance. In the presence of the thermal noise
in the cavity, the r.m.s. fractional frequency deviation for a measurement

made in a time interval T ,  is given by 2452

(Aw‘)i _ 0.113 /kT
« QU V PpTops

0

where K is Boltzmann's constant,
T is the absolute temperature, and
Pb is the power delivered by the beam to the cavity.

In this expression only the effect of thermal noise is considered. Other
effects on stability such as cavity detuning, maguetic {ield fluctuation, changes
in the wall interaction, shifts due to pressure effe~ts such as spin exchange
processes and changes in second order Doppler effect can be described in

other ways.

Cavity Tuning

The effect on frequency of cavity tuning is described by

w- w w -w o)
—_———0 . e o _c¢
wo wo Q P
where w is the emitted frequency

w is the resonant frequency of the atom under the
conditions prevailing in the maser.
For operation under the conditions described below and in order to
achieve fractional frequency shifts less than 10™ *® the cavity must stay tuned

to within 5 c. p. s.

e 9 Q, =14 x10°
AMr =10 2§ a £ 5.c.p.s.
c Q= 4 X 10*
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3.2.2

Cavity tuning currently is achieved by varying the line Q using spin
exchapge relaxation processes that result from increasing the flux into the
storage volume. A factor of two change in Q 4 can be obtained (sec Figure 17.
To set the maser to the resconant frequency of the hydrogen atom while in the
buid, the cavity is tuned by comparing the maser being tuned with another
maser running at a constant rate, The second maser need not be 1n tuned
condition. The pressure of the source is varied and the cavity is adiusted
so that no shift ir the beat frequency is observed. The resettzbility is found
to be as accurate as the ability to measure the relative frequency; it is
limited by the noise of the receiver and the relative stability of the masers
during the measuring time. Currently one can, by this method, independently
resel two masers such that the fractional frequency difference is less than
8 parts in 1013

For coupling the maser to a receiver or other devic., it is important
that the impedance seex by the output coupling irom the maser cavity be constant.
An isolator is placed in the coupling line to prevent clianges in the line term-
ination from changing the resonant frequency of the cavity. In a receiving
system involving more than one maser the isolation is alsc peeded to prevent

the locking of one maser to another.

Magnetic Field Variation

=0, F=0, m_=0 transil.on

Effecis of magnetic field onthe F =1, m F

F
can be represented by

-y = 7 3
V=, 2750 H

and to hold the fractional frequency shift to one part in 101® requires taat a

f.eld of 10 2 gauss be held constant to 3%.

It is possible to operate the masers at fields less than 0. 088 milligauss
by carefully degaussing the shields using a large a.c. current passing axially
through the three concentric shields. The shields are saturated at about 500
amperes and the current is slowly diminished to zero. The leakage of flux
through the hole is offset by a small coil at the bottom of the Z field solenoid.
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3.2.3

AB outside
AB ingide
200 for the present shields, it is well to operate at about 1 milligauss to

Since the inciremental shiclding factor, S = , is only about
avoid field reversal at the bulb due to changes in the ambient field in the

laboratorv,

The average magnetic ficld ia the bulb is measured using the Zeeman
transitions AmF = + 1 in the F = 1 state of atomic hydrogen. Transitions
are detected by a dip in the amplitude of the output signal. Measurements

can be made well within + 1 c.p.s. or +7 X 10 7 gauss.

The Zeeman frequency of the masers has been measured periodically

and it has been found to vary less than 5 X 10 ® gauss.

Measurements

Frequency comparison measurements between the two masers have
been made by putting both maser signals into a single receiver consisting
of a mixer and i. f. amplifier terminated in a diode. The output of the diode
is filtered and fed to a strip recorder. 1In order to get a fast read-out of
period measurements for tuning purposes as well as for making short term
stability measurements, the frequency of one maser is shifted by { creasing
its Z axis fiela by 2 known amount. The signal is amplified and fed to a
recorder for monitoring and to a period measuring counter operacing a digital-
analog converter where the last significant digits are either printed or traced

on another recorder. This circuit is shown in block form in Figure 18,

Measurements of long term stability are now in progres<. Figure 19
shows the manner in which the data is recorded, and Figure 20 is a plot of
the fractional frequency stab.lity of a pair of masers that have been operating
for 7 days. There is evidence that several times the masers locked together
(see A, B, C, D, Figure 19 and Figure 20). Consequently, at 11 a.m. on
February 2 ihe magnetic field was further ofiset (see E, Figure 18 and 20) and
thereafter the beat was steady. A histogram of the data taken at hourly inter-
vals for the five days that followed is shown in Figure 21. The histogram shows
two peaks and, as seen from the data, there is a diurnal fluctuation of about
5 X 10712, 1t is more likely that ther: is 2 temperature effect here than a mag-
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HOURLY DATA

68 CONSECUTlXVEE'; MEASUREMENTS

RMS|—"—+RMS.
NUMBER {IF ;
PER | g
HALF ; :
CYCLE o]
INTERVAL| :Tlﬁj
i |

L LN L L

O|23456789EO
BEATS PER HOUR

AVERAGE = 470 BEATS/HR.
RM.S. DEV®z1.76 BEATS /HR.

§__i___|--2\§' = 34 x107°

lHR

RMS FRACTIONAL FREQ. DEV* FOR
ONE MASER

7 2 .
V"g' ot |, =24 x10"

Figure 21




10 SECOND PERIOD MEASUREMENTS OF
FREQUENCY DEVIATION BETWEEN
TWO MASERS

RM.5.+2Y6, R MS.

NUMBER
PER
MILLISECOND

INTERVAL

CTTV
012345678901234567890
10.240 10.250

PERIOD FOR IC BEATS —SECONDS

AVERAGE PERIOD = 10.2403 SECONDS
R.M.S. DEV™= 1.86 MILLISECONDS

{ |
K517 10 <aTD? -3
— o — = = | 24 x |0

5 f T&e

R.M.S. FRACTIONAL FREQUENCY DEV"
FOR ONE MASER

2 L
<83 > >2' - 8., x107"

5

10 SEC.

Figure 22,



magnetic effect, as the latter has not been observead and the correlation
with room temperature is quite good. The greatest excursion in the beat
frequency is 2.2 X 10 3 ¢.p.s. and corresponds to a rel~tive fractional
shift of 1.6 * 10 }?, The fractional r.m.s. deviation over one-hour in-
tervals is 3.4 ¥ 10" 22 and if the fluctuations are uncorrelated, the r.m.s.

fractional deviation for one maser is 2.4 X 10 13,

Measurements of short term stability have been made using the pre-
viously mentioned method of offsetting the field to obtain a 1 c. p.s. beat
frequency. The histogram for 94 measurements of the period for 10 beats
to elapse is shown in Figure 22. The r.m.s. deviation for one maser is
8.7 X104,

Further data has been taken in a run that began April 9 and continues
to this writirg. Figure 23 shows the hourly measurement of frequency
difference between the masers for €9 continuous days. The standard aevia-
tion of these hourly measurements is 4.8 X 10" *3, Closer inspection of the
data will reveal an almost regular diurnal shift which correlates closely
with temperature. On May 12-13 there is a very pronounced rise in the
beat rate due to a drop in {ab temperature from the normal 75° to below
60°F. Measured changes of the magnetic field at the bulb during some of
these fluctuations have not been sufficient to cause these effects. On April
27-28 it will be seen that the beat increased suddenly. This wag caused by
the installation o! three unshielded isolators having strong magnets while we
were experimenting with the system. These were removed and the beat re-

turned to normal.

It hecame apparent that some check on these measurements usicg cut-
side standards was needed, as well as a measurement of frequency against
the A, scale based on cesium taking the hyperfine frequency extrapolated to
zero field as $,192,631,770.00. A program of meusurements via Loran "C"
and V, L. F, was proposed by Markowitz and Hastings involving our monitor-
ing the Loran transmitter on Nantucket island and the V, L, F, at Catler,
Maine, and reporting the data to the Naval Observatory.
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The problem of relating the hydrogen frequency to the Loran and s
V. L. F, that operate on the UT3 time scale was sclved in the following -
manner shown in Figure 24. -
A klysiron reference oscillator was phase locked to a 5 mc. crystal -~
oscillator by using a phase locked signai at 1450 mc/sec derived from the FYy

crystal as a reference.

§ e

The klvstron frequency of 1450405 770. 23 is obtained from a4 second
phase lock using an offset of 405 770.23 c.p.s. derived from the same

crystal using the Naval Research Laborateries' eighi-digit synthesizer. i
Beats between the maser and the klystron occur at 3. 000000 03 mc/sec i}
and are amplified and mixed with 30 mc from the crystal to give .03 c.p.s. it

beats that are described on a sfrip chart recorder. In this experiment
some power from the second maser was introduced to give information of
the relative maser stability. Figure 25 shows a cue hour sample of these
beats. The envelope describes the beats between the masers, and the
more frequent beais between the stronger maser signal and ithe crystal
oscillator can be seen.

Data was taken from May 9 to May 25 with about 2 /; days lost be-
cause of electronic probiems at our lal. and at the Loran site. The beats were
counted and recorded w'*h the Loran readings, and Figure 26 shows time
measurements between the hydrogen ma<ers anrdthe Loran 'C" taking an
assumed frequeccy for hydrogen of 1420455 770.200. The measurements can
be made to better than one tenth of a microsecond accuracy, and over one day
the spread between the readings is less than one microsecond. It should be
noted here that the Loran station on Nantucket is slaved to a station on Cape
Fear which operates from a Varian rubidium standard and that the totz! dis-
crepancy seen here is due to the differences between the rubidium and hydro-
gen as well as the transmissions of the Loran from Cape Fear to Nantucket
as well as from Nantucket to the laboratory in Beverly, Massachusetts.
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3.2.4

A change of one microsecond in four days represents a change of
2.9 parts in 1039,

Over the whole run of May 9 -May 23, no over-all drift was seen
and the maser was observed to be constant to within a few parts in 10389,

Locking

In Figure 19 it can be observed that in those portions of the data
where the beat frequency approaches 3 X 10™* cycles per second there
occurred a strong tendency to lock together. If power is transferred
from one maser to the other, locking can occur when the power intro~
duced is in the proper phase and of sufficient amplitude. The relation of
the amplitude to the frequency difference for locking to occur i8 given by
the expression relating the response of the atoms to a stimulating field

1 <x >
where <x>%a £9_ <sz>’ <H, >% ig average strength
h of the r.f. field in
the bulb

For a small amount of power coupled into a maser , locking will occur

when

P ’
coupled Aw
P 2 Yier

For two masers isolated by 80 db and operating under conditions wiers
y=land<x>*§ 1,
Af =2,2 X10 *c.p.s.
Effects of External Noise

In the expresgion for the r.m.s. fractional deviation given above, the
effect of noise in a detection system has not been included. Receivsr noise
will degrade the observed signals especially if the chservation timo is short.

(T obe must, however, be larger than % or the expression is not valid.)
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The maser fractional r.m.s. frequency stability over a time interval
Tobs can be described as the angular fluctuation of a phase vector consjisting
of an amplitude vector rctating uniformly at angular frequency w and a vector
in quadrature to it having length

2 X0.113 . /v8kT Tebs:

v
The angular fluctuation

<ne>¥ - 0.113 xzy/_kff&bé )
~ Py

The composite system of maser and receiver is described by a vector
representing the amplitude available to the receiver rotating uniformly at wo
having in quadrature with it a vector representing the root of tiie sum of the

squares of the inaser noise and receiver noise.

<pp  a>¥_ /_gX(o.ns)“ Y*KT Tops * NKTB
total Y Q. o
[
—t b
Qext
where B is the receiver bandwidth

Qp 2 is the Q of the loaded cavity

Qext is the external Q of the cavity.
< pf® >'ﬁ'
Regrouping the terms aud rewriting this expression in terms of —F
<a?>? 0.113/ kT [1 , 19.5N38 | Jext
f Qz ) Pb Tobs \ Tobs J Qc,!,
Under the conditions that existed during the m%aisurements, namely
N=10, B=10c.p.s., Y=0.7sec. !, T = 300°k, ~C:£ = ¢.18, Qe =
ext ’
1.2 x10°, P, = 10"® erg/sec, then
- AF R 'é - 9 '& _ < AFB 'g
<A§ 2 s g x10739 —-————~<Aff> £ 7 %10 “';—-—————-—Af> ¥ L4 X102
1 sec. 10 sec 1 kbr,



4.0 WORK IN PROGRESS

Once the work of developing and constructing the two state-of-the-art
masers was compieted and the masers were ready for delivery, an extension
to the original contract was awarded to Varian by NASA to conduct experi-
ments and make improvements under the following headings.

1. Conduct a measurement program for long and short term
stability using three hydrogen masers.

2. Conduct measurements to determine the precision to which
a given pair of masers can be reset with respect to fre-
quency.

3. Conduct measuremenis to determine very short term re-
lative stability. Very short term is defined as 0.01 seconds
or less.

4. Measure the ratio of cesium to hydrogen frequencies of hy-
perfine separation.

5. Compare the twoc NASA masers with those at Harvard Uni-

versity.

The testing of long term stabiluy has been in progress for some time and
has been discussed in the previous sections. From the data obtained, one can
observe several obvious places to make improvements. The diurnal variations
are due to temperature changes in the lab and the effect of these changes on the
cavity tuning, Temperature compensation of the cavity should be improved as
weli as the means for controlling the temperature itself. A further imrrprove-
ment to this would be to redesign the resonator to take advantage of the solid
dielectric cavity idea wherein a spherical, heavy-walled vessel is used as
both a storage bulb and a resonator. The heavy dielectric wall would produce a
resonator resonant at 1420 mec/sec., having an 8" outside quuriz sphere with an

inner recess about 5" in diameter.

Besides the reduction in sizs, considerable gain in ruggedness and stability
is available with this configuration. There is also the acvantage that spherical,
hence isotropic magnetic shields can be used. A set of orthogonal magnetic
windings having a sinusoidal density will provide exactly the uniform magnetic
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field needed in the bulb. Work along these lines is in progress and the cal-

culation of the ¢xact dimensions is being set up on a high speed computer.

Further improvements in the gas handling system are needed to afford
a large range of flux control. One of the first limitations found in the cavity
tuning technique involving the variation in the beam flux was found to lie in
the control ot hydrogen flux to the discharge. The centrolling element is a
mechanical leak which leads to a palladium tube purifier and then to the dis-
charge. Mechanical leaks have been found to be critical to adjust and just
about impossible to reset to a given value. The palladium tube, however,
offers a measure of flux control because of the temperature dependence of
the solubility of hydrogen in this metal.

Unfortunately, because of the desirability of keeping the discharge
system clean, the palladium tube is the last component in the line and acts
analogously to a variable resistor across a condenser representing the re-

servoir about the palladium purifier.

Mechanical Palladium
AN N—
Constant Leak Purifier
Pressure_—— ] Discharge
Source S—— Tube
Storage Volume

of Purifier

Electrical Analog of Pressure Control

The pressure excursions are limited and it is very difficult to maintain

high or low flow to the source. Nevertheless, the tuning has been done and

after several trials, the relarive resettability of the maser is found to be about

1in 10%%,

Improvements in this measurement will certainly be obtained with the
installation of a better flow control and this svstem is now under construction.
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Further beat measurements are being made and, with the help of an
8-channel recorder, the data is being correlated with other parameters
such as source pressure, vacuum pump current, roor temperature, room
magnetic field, S cavity temperature, etc. The effort is directed to deter-
mine the causes of instability and, if possible, find ways to eliminate them.
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5.0

REVIEW OF IDEAS AND INVENTIONS

Pztent disclosures have been written on the work done for NASA

under the following headings:

1,

2
3.
4

Temperature Compensated Maser Cavity
Vacuum Enclosed Cavity

Thrermocouple Servo Neck Control

Solid State R.F. Hydrogen Dissociator

These topics represent ideas that were either conceived or reduced

to practice while working on the NASA contract. Other innovations and

new techniques that have come to light during this contract are described
briefly below.

a)
b)

c)

d)

e)

A common shielded enclosure for both Vaclon pumps;

A mounting scheme for the hexapole eliminating a flanged
joint near the source;

The use of a ferromagnetic septum in the vacuum system
to help shield fieid gradients from the hexapole;

The use of a captive "O" ring joint at the base of the
bell jar instead of welding it closed;

The development of chopper stabilized d.c. amplifiers
for use in controlling the reck, and inner and outer
oven temperatures.
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REVIEW OF PAPERS AND PUBLICATIONS

"Design and Performance of an Atomic Hydrogen Maser," R.F.C. Vessot
and H.E. Peters, International Conference on Precision Electro-
magnetic Measurements, Boulder, Colorado, August 16, 1962.

(IRE Trans. on Instrumentation, Vol. 1-11, Nos.3,4, Dec.1962.)

‘"Frequency Stability Measurements Between Several Hydrogen Masers, "
R.F.C. Vessot, Third Iniernation Symposium on Quantum Elec-
tronics, Paris, France, February 11, 1963, (Paper to appear
in Proceedings.)

"Frequency Beat Experiments with Hydrogen Masers," R.F.C. Vessot
and H.E. Peters, 17th Annual Symposium on Frequency Control,
Atlantic City, New Jersey, May 27, 1963. (Frequeucy Magazine,
Vol.6, p.28, Sept.~Oct. 1963.)

Talks by R.F.C. Vessot:

U.S.Navy R&D Symposium, Columbus, Ohic, June 11, 1963;
U.S. Naval Observatory, May 2, 1963;
University of Rochester, January 1963;

National Research Council of Canada, December 5, 1963,
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Appendix 1

REPORT ON THE FREQUENCY OF HYDROGEN

by Wm, Markowitz
U. 8. Naval Observatory
24 May 1963

1. The hydrogen quanium transition is a possible choice foi the definition
of the atomic second. It is aecessary that its frequency be determined with high
precision with respect to the unit of time adopted by the International Committee
of Weights and Measures, namely the second of ephemeris time. In practice,
this second is obtained from the cesium beam, using an adopted frequency of
770 for the cesium transition at zero misagnetic field.

2. ONR and NASA have sponsored research on the hydrogen maser of
N. Ramsey In May 1963, a determination of the frequency of hydrogen was
carried out with hydrogen masers constructed under this program by Bomac Labs.
The masers are located in Beverly, Mass. The instrumeniation for the frequency
comparison was suppiied by the Naval Research Laboratory. The reference
system of time is A. !, derived by the U.S. Naval Observatory, Washington. The
masers at Beverly were linked to the master clock at the Naval Cbaervatory
througn comron monitoring of the Loran-C stations at Nantucke{ and Cape Fear.

The system A. 1 is based on cesium beam oscillators at 8 laborziories which
report the frequency of the VLF transmisgions of NBA referred fo their cesium os-

cillators. These are:

Table I: Cesium oscillators, with weights, used in forming A.1

Wi, wt.
N.O., Wash, 2 CNET, Paris 1
N.O., Kich. 2 NBS, Boulder 10
NRIL, Wash, 2 NPL, Tedd. 10
Cruix 2 Neuchitel 10

3. The frequency synttesizer settings, the beal counts, and Loran-C read-
ings mace at Beverly by Bomac were forwarded each day fo the Naval Observatory.




A correction of -. 0023 cps was applied to the observed frequency of hydrogen
for the magnet shift. No other corrections to hydrogen were made. Figure 1
shows the frequencies obtained. Figure 1 also shows three sets of means.
Line (a) gives the frequency of hydrogen with respect {0 the measuring system
of the Naval Observatory. This was stable during these tests 10 a few parts
in 10%3,

Lire (b) gives the frequency with -espect {0 cesium, which is considered
to be reproducible over long tiine intervals to 1 part in 10**, The uncertainty
due to wall shift of hydrogen is not known and is not included in the probable

error.

Line (c) gives the frequency with respect to the sccond of ephemeris
time. Since this has been determined to 2 parts in 10° we round off to the
last unit. It should be noted that if hydrogen is selected to define the atomic
second, ithe value resuiting from this experiment would be tbat given by line
(c), but the definition would not contain a probable error.

4. Hydrogen may he used as a standard of frequency. Assuming that the
frequency of hydrogen was 751, 734 we may derive values of the frequency of
Loran-C, controlled by the Naval Observatory. These are shown ia Figure 2.
The mean frequency was -129, 98 X 10 *° with respect to A. 1 and the probable

error of a daily mean is 3 X 10 32,

5. These experiments have related the frequency of a particular hydrogen
maser io that of external standards located in laboratories several hundred and
geveral thousand miles away through VLF and Loran-C. The stability of hydro-
gen, based on internal comparisons in the laboratory and on these external com-
parisons, appears to be very high. Nevertheless, additonal experiments must
be made before we can say if hydrogen is superior to other quantum transitions
for defining the atomic second.



Taole II. Summary of Results

1963 Assuming Cs = .. 770, Assuming vy = ..751.734,
Mean Epoch Interval Vor = .. 781,734+ Loran-C = -130.00 X 107194
(weight)

May 12.3 1‘.14 + 0,010 cps - 1%x10 %

13.4 0.6 -.006 + 10

14,2 0.8 -.016 + 8

15.0 1.0 +.00% -4

16.3 1.2 -.001 +6

18.1 1.5 - .004 -4

19.3 0.6 -.002 +1

20.4 0.8 -.005 +3

22.5 0.8 + . 007 + 4

23.4 1.0 +.003 +5

p.E. of unit wt. = % 0.005 cps P.E. of unit wt, = 23 x 10 2

(@) 1420 405 751.734 £ 0.002 cps
() 1 420 405 751.73 0,02
) 1420405752 3
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